ABSTRACT: Macroalgal accumulation and decomposition in shallow water environments typically result in an increase in the organic matter content of the sediment, affecting both benthic metabolism and nutrient dynamics. The present study investigates how a pulse addition of Ulva detritus to estuarine sediment influences the micro-distribution of O 2 , NO 3 − and NO 2 − within the sediment, as well as the rates of oxygen consumption, nitrification and nitrate reduction. The micro-distributions of O 2 , NO 3 − and NO 2 − were monitored with microsensors in Ulva-amended sediment microcosms and in unamended controls during a 1 mo incubation experiment. Process rates were obtained from numerical modeling of the concentration profiles. Oxygen consumption and nitrate reduction were enhanced by a factor of 2 in Ulva-amended sediment compared to the control. This led to a significant reduction in the penetration depths of oxygen and nitrate. Nitrification increased significantly in response to enhanced NH 4 + supply from decomposition of the Ulva detritus. Aerobic ammonia oxidation exceeded rates of nitrite oxidation, leading to accumulation of NO 2 − in the oxic zone of the sediment. Nitrite and NO 3 − produced via nitrification diffused up to the sediment surface, inducing a net efflux to the water column, and downwards, supporting a high rate of denitrification coupled to nitrification. The present study shows that organic enrichment with Ulva detritus enhances sediment oxygen uptake, nitrification and denitrification, the net result being loss of nitrogen from the system. This might constitute a compensating or self-restoration mechanism counteracting an increase in N in intertidal sediment affected by eutrophication-induced macroalgal blooms.
INTRODUCTION
Massive growth and accumulation of green macroalgae is a worldwide phenomenon (Valiela et al. 1997 , McGlathery et al. 2007 ). The increase in magnitude and frequency of these blooms is correlated to the high nutrient loadings and following eutrophication of coastal areas (Peckol & Rivers 1996) . During blooms, high macroalgal densities can accumulate and decompose on top of coastal sediments and thereby heavily modify benthic communities. De composing accumulations of algae on the sediment surface induce increases in the carbon (C) and nitrogen (N) content of the sediment (Pihl et al. 1999 , Corzo et al. 2009 ) and enhancements of benthic microbial meta bolism (Trimmer et al. 2000 , Lomstein et al. 2006 . As a result, nutrient efflux from the sediment increases, favouring further growth of macroalgae and development of successive bloom events (Trimmer et al. 2000 , Astill & Lavery 2001 , Sundbäck et al. 2003 ). This feedback effect has led to the hypothesis of 'self-perpetuating systems', where the high nutrient loading and the successive accumulation of macroalgae over years favour the appearance and growth of opportunistic macroalgae (Pihl et al. 1999 , Tyler & McGlathery 2003 .
The triggers of bloom collapses are still poorly defined. Therefore, it is difficult to predict the initiation of the bloom collapse and to follow the decomposition process and subsequent evolution of the benthic system. As a consequence, micro-and mesocosm approaches have been used instead to simulate and study the effects of decomposing macroalgae on benthic communities. Such a microcosm experiment was conducted by García-Robledo et al. (2008) who added frozen and thawed Ulva on top of a phototrophic intertidal sediment and recorded the following changes in sediment chemistry and metabolism (García-Robledo et al. 2008) . The complete macroscopic decomposition of the macroalgal fronds led to increased pore water nutrient concentrations and subsequent growth of the microphytobenthic community (García-Robledo et al. 2008) . Moreover, indirect evidence suggested an increase in nitrification and in coupled nitrification−denitrification as well (García-Robledo et al. 2008) . The role and function of the nitrifying and denitrifying community during the decomposition of macroalgal detritus have a special interest in eutrophied areas frequently affected by macroalgal blooms. An enhancement of nitrification/denitrification activities in the sediment after a bloom collapse would favour the removal of nitrogen in a nutrient-enriched system and thereby constitute a type of self-restoration mechanism to reduce the eutrophication in those areas.
The aim of this study was to determine how decomposition of Ulva detritus affects nitrification, nitrate reduction and the distribution of NO 2 − and NO 3 − in the sediment, as well as the exchange of N between the sediment and the overlying water. The recently improved biosensors for NO 2 − and NO X − (NO 2 − + NO 3 − ) (Revsbech & Glud 2009) and O 2 microsensors were used to measure the concentrations and spatial distributions of NO 2 − , NO X − and O 2 in Ulva-amended sediment microcosms and in unamended controls during a 1 mo incubation experiment. NO X − profiles were modelled to study the effects of Ulva detritus enrichment on the vertical distribution and magnitude of nitrification and anaerobic NO X − consumption. Integrated rates of the modelled processes, combined with measurement of sediment−water nutrient fluxes, were used to obtain the net nitrogen balance for the sediment with and without Ulva detritus. These results constitute the first study at a microscale of the distribution of NO 3 − and NO 2 − in sediments affected by detritus loading and contribute to determining the relative importance of the nitrification/ denitrification processes occurring inside the sediments in areas affected by eutrophication-induced macroalgal blooms.
MATERIALS AND METHODS

Microcosm set-up
Surface sediment (upper 5 cm layer) was collected at 1 m water depth in Randers Fjord, Denmark, where high capacities for denitrification have been found (Nielsen et al. 2001) . The sediment was sieved through a 1 mm screen in order to remove large animals and shell fragments. Planar Ulva (C:N ratio = 8.9) was collected from Norsminde Fjord, Denmark, dried at 80°C for 24 h and ground to a fine powder. Sediment was enriched with Ulva detritus (5 mg of Ulva powder per gram of sediment), resulting in an increase in the sediment carbon and nitrogen content of 1.1 and 0.2 mg g −1 , respectively (Table 1) . After homogenisation, sediment was added to aquaria (245 × 150 × 150 mm, n = 3) to a depth of 8 cm (hereafter referred to as Ulva aquaria). A second set of aquaria (n = 3) filled with unamended sediment (control aquaria) was utilised.
Aquaria were filled with 1.8 l of artificial brackish water (10 psu salinity) creating a 5 cm water column above the sediment, placed in a water-filled tank at 15°C and covered with dark plastic. Artificial brackish water was prepared by diluting seawater collected at Aarhus Bay with tap water. Nitrate was added to the inflow water reservoir to maintain the in situ concentration of 100 µM in the aquaria through- water overflow the aquaria. To ensure complete water column mixing and avoid development of anoxic conditions, the water in each aquarium was gently purged with air. Weekly sampling was performed over a 31 d period. On each sampling occasion, NO X − , NO 2 − and O 2 microprofiles and inorganic nutrient concentration in the aquaria and inflow water were measured in order to determine changes in oxygen and nitrogen metabolism and their effects on the net N balance of the sediments.
Water chemistry
Nutrient samples (5 ml, n = 3) were taken from the inflow water and inside the well-mixed aquaria on each sampling day, filtered through Whatman GF/F filters and stored frozen until analysis. The stirring conditions established in the water column ensured that the outflow water was equal to the water inside the aquaria. Concentrations of NO X − were measured using the vanadium chloride reduction method (Braman & Hendrix 1989) using a chemiluminescence NO analyzer (modelCLD 86, Eco Physics AG; Meyer et al. 2005) . Nitrite and ammonium concentrations were determined by a standard colourimetric method described by Grasshoff et al. (1983) . Nitrate was determined as the difference between NO X − and nitrite. Ammonium, nitrate and nitrite fluxes in the aquaria were calculated using a mass balance approach. We estimated these fluxes from the difference in concentrations of the respective species in the in-and outflow water normalised by the flow rate and the sediment surface area. were used to calibrate the sensors. Oxygen, NO X − and NO 2 − sensors were mounted together on a computer controlled micromanipulator (MC-232, Unisense) with the tips in approximately the same vertical position and about 2 mm apart. Profiles of oxygen, NO X − and NO 2 − were measured simultaneously, and the signals were recorded using an A/D converter (ADC816, Unisense). Both motor and converter were connected to a computer and controlled by SensorTrace PRO software (Unisense). Depth profiles of O 2 , NO X − , NO 3 − and NO 2 − production/consumption were calculated from the respective concentration profiles using the PROFILE software (Berg et al. 1998 ). In the calculation of transformation rates, PROFILE applies an estimate of the diffusion coefficient of species in the sediment (D s ) based on the sediment porosity (φ) and the diffusion coefficient of the respective species at infinite dilution in water (D w ), both of which are required as input parameters. To get an exact value for D s we determined the effective diffusion coefficient (D e = φ·D s ) for O 2 from the steady state O 2 profile measured in mercury-inactivated sediment samples (Revsbech 1989a ). Then we calculated φ assuming the following relationship:
. The calculated value for φ and diffusion coefficients for O 2 , NO X − , NO 3 − and NO 2 − at infinite dilution (Boudreau 1997) were then used as input parameters for PROFILE, which in the given implementation used the relationship: D s = φ 2 D w as an estimate for D s . Total nitrification and anaerobic NO X − consumption (ANC) were determined from the calculated production profiles (Meyer et al. 2001) . ANC may include 3 NO X − reduction processes: denitrification, anaerobic ammonium oxidation (anammox) and dissimilatory nitrate reduction to ammonium (DNRA).
The relative importance of anammox was initially measured following the procedure described by Risgaard-Petersen et al. (2003) , being as low as 0.5% of the total N 2 production (data not shown). DNRA could be a relevant process, but only under high organic matter loads (Christensen et al. 2000) and/or dominance of filamentous sulphide-oxidising bacteria (Sayama et al. 2005) , which was not the case in the present experiment. Therefore, denitrification was most likely the main process contributing to the measured ANC rates (hereafter referred to as denitrification rates).
Statistical analysis
Differences between treatments, time and their combined effect (interaction) were tested by repeatedmeasures analysis of variance (RM ANOVA), followed by the Tukey honestly significant difference test for multiple pairwise comparisons. Data were log(x + 1) transformed if Shapiro-Wilk test for nor-mality failed. Correlations between variables were also investigated using the software Statgraphics Centurion XVI or SigmaPlot 11.
RESULTS AND DISCUSSION
Experimental advantages and limitations
The causes triggering macroalgal bloom collapse and decomposition are not well defined and therefore are difficult to predict and measure in situ. The use of microcosms cannot repro duce the complex interactions occurring in situ, but allows simulation of the decomposition phase of a bloom under well-defined and controlled experimental conditions. The use of Ulva fronds, added directly to the sediment surface, creates large heterogeneities at a micro scale (García-Robledo et al. 2008 ) which would require the measurement of a non-feasible number of NO X − and NO 2 − profiles to de scribe such spatial variability. In our experiment, macroalgal detritus was dried, powdered and mixed with sediment to obtain homogeneous detritus enrichment, being more appropriate for microsensor measurements. This simplified situation cannot be directly extrapolated then to the decomposition process of macroalgal fronds in the field. However, in areas affected by macroalgal blooms, the successive input of macroalgal detritus results in an organic matter increase in the first centimetres of the sediment (Pihl et al. 1999) , similar to the simulated detritus enrichment performed in our experiment. The results shown in the present study represent a first description of the effects of organic matter loading on key processes of the N biogeochemical cycle at a microscale. These processes are affected by many environmental biotic and abiotic factors both in situ and in experimental set-ups, and all results will thus represent snapshots of outcomes from the given set of variables. Data are representative profiles for each day cantly enhanced in the Ulva-amended sediments as compared to the controls throughout the course of the experiment (p < 0.05, RM ANOVA) (Fig. 1) . In general, oxygen consumption was 1.5 to 2.8 times higher than in the control, with no significant differences over time (p > 0.05, RM ANOVA) (Fig. 3A) . This was similar to what has been found in other experimental studies of Ulva-enriched sediments (Lomstein et al. 2006 , García-Robledo et al. 2008 ). The oxygen penetration depth increased from approximately 1 to 2 mm during the course of the experiment in the Ulva-amended sediment. This increase in oxygen penetration depth was probably due to depletion of carbon caused by a rapid decomposition of labile compounds released from the Ulva detritus during the first week of the experiment (Enríquez et al. 1993 , Canfield et al. 2005 . Oxygen penetration was constant in the control sediment at approximately 4 mm. The addition of Ulva detritus caused pronounced changes in the nitrogen cycle of the sediment. Nitrate and NO 2 − profiles were significantly modified by Ulva detritus enrichment (Figs. 1 & 2) . Throughout the first 2 wk, O 2 and NO X − were depleted within the upper 1 to 1.5 mm of the Ulva-amended sediment (Fig. 1) . NO 2 − was only detected in the oxic zone, showing a small production peak (Fig. 2) . The alignment of the sensors relative to the sediment surface was, however, not sufficiently precise to determine whether the consumption took place within the lowest part of the oxic layer (only 1 mm thick) or below the oxic/anoxic boundary. After Day 23, NO X − and NO 2 − production peaks developed in the first millimetre of the Ulva sediment, suggesting an increase in nitrification activity. This elevated NO X − production in combination with a general decrease in carbon oxidation activity caused NO X − penetration to increase down to approximately 3 mm below the sediment surface. The nitrite penetration depth also in creased down to 3 mm, and (on Day 31) 2 production peaks could be detected, 1 in the oxic layer and 1 just below the oxic−anoxic interface. In contrast, NO X − and NO 2 − profiles did not change sig nificantly during the experiment in the control sediments. A small NO X − production peak was ob served in the oxic zone, and NO X − was consumed within the upper 2 to 5 mm anoxic layers of the sediment. The NO X − penetration depth varied from 6 to 9 mm, probably reflecting the spatial heterogeneity of the sediment. Except for Day 15, there was a peak of NO 2 − in the oxic layer of the sediment, indicating production by nitrification and net transport to both the overlying water and the anoxic layers of the sediment. At Day 31 there was a secondary peak of NO 2 − in the anoxic sediment at 6 mm depth, indicating net production in this layer by nitrate reduction.
Effects of
The NO X − profiles were modelled to determine changes in the magnitude and distribution of the main microbial processes controlling nitrate and nitrite pore water concentrations and sediment− water fluxes (Fig. 1) . For the Ulva-amended sediment, volumetric nitrification rates were highest during the first 2 wk, but were restricted to a narrow layer thinner than 1 mm. The depth-integrated nitrification rates were similar to those measured in control sediments (p > 0.05, post hoc Tukey test, RM ANOVA) (Fig. 3B) . The progressive increase in O 2 penetration depth favoured the parallel increase in both magnitude and depth distribution of NO X − production compared to in the control sediment. Anoxic NO X − consumption was significantly enhanced in the Ulva-amended sediment compared to the control (Fig. 3C) . Nitrate was consumed in a narrow zone of 0.5 mm during the first week (Fig. 1) , where O 2 penetration was <1 mm. Afterwards, volumetric anoxic consumption rates decreased progressively, while the width of the consumption zone increased, resulting in near constant denitrification rates (Fig. 3C) .
Effects of Ulva detritus enrichment on nitrification
Oxygen and ammonium supplies to the surface layers, both essential for nitrification (Kemp et al. 1990 , Caffrey et al. 1993 , Rysgaard et al. 1994 , changed significantly in the Ulva-amended sediments as compared to the control (Figs. 1 & 4) . Mineralisation of Ulva detritus, with a low C:N ratio, increased the pore water NH 4 + concentration as seen in previous studies (Trimmer et al. 2000 , García-Robledo et al. 2008 , resulting in a large efflux to the overlying water during the experiment (Fig. 4A) . The higher NH 4 + supply would stimulate the activity of ammonium-oxidising bacteria (AOB) and thus increase nitrification rates (Caffrey et al. 1993 , Sloth et al. 1995 . However, relatively low numbers of nitrifying bacteria as compared to heterotrophs may also contribute to initially low nitrification rates when organic matter is added (Nielsen & Revsbech 1998 ). In addition, the parallel enhancement of heterotrophic activity reduced the extension of the oxic layer during the first 2 wk (Fig. 1) and probably enhanced the competition for oxygen between the nitrifying community and heterotrophs. The high abundance of heterotrophic bacteria, added to the lower affinity of AOB for oxygen (Focht & Verstraete 1977 , Prosser 1990 , in Gieseke et al. 2001 , limited nitrification activity (Fig. 1) . Nitrite-oxidising bacteria (NOB) have even lower affinity for oxygen than AOB (Schramm 2003) , possibly contributing to a slight nitrite accumulation in the oxic zone (Fig. 2) . The overall result of the aforementioned processes was that nitrification rates were similar to control sediment, despite the higher ammonium availability during the first 2 wk (Fig. 3B) .
Efficient decomposition of labile organic carbon from Ulva amendments during the initial phases of the experiment led to reduced O 2 consumption and elevated O 2 penetration during the second half of the experiment (Fig. 1) . The increase in oxygen availability favoured the growth and activity of the nitrifying community, as evidenced by a pronounced NO X − production peak in the Ulva-amended sediment on Days 23 and 31 and an increase in the depth penetration of NO X − (Fig. 1) . This resulted in significant increase in nitrification rates compared to the first 2 wk in Ulva-amended and control sediment (p < 0.05, post hoc Tukey test, RM ANOVA) (Fig. 3 ). An imbalance between AOB and NOB activities resulted in a rarely reported nitrite peak in the oxic part of the sediment (Fig. 2) (Cooke & White 1987 , Davidsson et al. 1997 , De Beer et al. 1997 , Stief et al. 2002 . A fraction of the accumulated NO 2 − diffused into the water column, transforming Ulva-amended sediment into a net NO 2 − source. In contrast, NO 2 − was found at low concentrations in both oxic and anoxic parts of the control sediments, indicating that AOB and NOB activities were balanced and no NO 2 − was detected in the water column.
Effects of Ulva detritus enrichment on denitrification
Among the factors that influence denitrification rates, availability of electron donors, depth of the oxic−anoxic interface and nitrification rates are considered the most important (Christensen et al. 1990 , Rysgaard et al. 1994 , Piña-Ochoa & Alvarez-Cobelas 2006 . In the present experiment, the reduction of the oxygen penetration depth in Ulva-amended sediment reduced the diffusive distance between water column NO X − and the oxic−anoxic interface, favouring denitrification supported by water column NO X − . As a result, we found a significant inverse correlation between oxygen penetration depth and NO 3 − influx (r = -0.71, p < 0.01, Pearson correlation). During the first 2 wk, the oxygen penetration depth was minimal and denitrification rates exceeded nitri fication rates by factors of 1.5 to 2 (Fig. 3, Table 2 ). NO X − being produced by nitrification or coming from the water column was consumed within the first 2 mm of the Ulva-amended sediment (Fig. 1) . After Day 23, the increase in O 2 penetration depth and nitrification rates displaced the NO X − reduction zone deeper in the sediment. The consumption of NO 3 − coming from the water column decreased progressively (Fig. 4B) , and the high denitrification rates were maintained by diffusion of NO X − produced by nitrification (Fig. 3) . The typical net production profiles measured on Days 23 and 31 (Fig. 1) suggest a net diffusive NO X − release from the sediment. However, NO 3 − flux in the Ulvaamended aquaria was directed from the water towards the sediment, according to the net fluxes in aquaria (Fig. 4B ). This indicates that at the wholemicrocosm scale, the sediment was a sink of NO 3 − instead of a source, as suggested by the NO X − microprofiles (Fig. 4) . The burrowing activity of small infauna growing in the aquaria (polychaetes and amphi pods) may have increased the advective transport of nitrate to the sediment, resulting in localised net consumption of NO 3 − in the microcosms (Risgaard-Petersen et al. 2004 , Nizzoli et al. 2007 ). Such transport was not implemented in the model used for interpretation of the concentration profiles, and our model estimates of consumption/ production are therefore underestimates. Presence of infaunal activity was indicated in some of the O 2 profiles (see Fig. 1, control panel, Day 31) . The ventilating activity of infauna may increase the O 2 concentration in the burrows (approximately 6 mm depth in the example profile) to values approaching those in the water column. Similarly, NO X − from the water column was also pumped into the sediment, resulting in an enhancement of NO X − consumption from the water column.
Effect of Ulva detritus enrichment on N cycling
The integration of the rates during the whole experiment (Day 7 to 31) illustrated the net result of the Ulva addition to the sediment (Table 2) . Timeintegrated rates (mmol m −2 ) were normalised by the experiment duration (24 d) in order to obtain comparable daily rates. The overall process of Ulva detritus decomposition enhanced benthic metabolism, increasing the uptake of both O 2 and NO 3 − coming from the water column. The resulting nutrient remineralisation released large amounts of NH 4 + to the pore water. This NH 4 + enrichment of the pore water led to (1) activation of the nitrifying community by about 3-fold compared to the control and (2) in - ). Nitrification apparently did not increase sufficiently to oxidise all NH 4 + diffusing towards the sediment surface and burrows, resulting in the liberation of NH 4 + to the water column. This release of N in the form of NH 4 + was almost compensated by the uptake of NO X − from the water column at similar rates, but the total dissolved inorganic nitrogen mass balance of the sediment changed from negative in the control to slightly positive ( Table 2 ). The fact that Ulva-amended sediment was a net source of NH 4 + for the water column might have ecological implications for primary producers in the field, since NH 4 + assimilation is energetically cheaper than that of NO X − . In field studies, where macroalgae accumulate on top of the sediment, the oxygen penetration depth is permanently reduced (Corzo et al. 2009 ), leading to a low activity level of nitrifiers and coupled nitrification−denitrification (Trimmer et al. 2000) and a release of NH 4 + from the sediment (Lomstein et al. 2006 , García-Robledo et al. 2008 . No field studies have previously shown the effects of enrichment in macroalgal detritus on the N cycle at a microscale within the sediment. The hypothesis of self-perpetuating systems suggests that the organic matter enrichment of the sediment produces a large nutrient regeneration supporting the subsequent macroalgal bloom. However, the results obtained in the present study show that, although the regeneration of nutrients from Ulva detritus integrated into the sediment does occur and leads to the release of NH 4 + , the eutrophication effect of this is counteracted by stimulation of coupled nitrification−denitrification and also denitrification, consuming large amounts of NO 3 − from the water column. The enhancement of the activity by nitrifying and denitrifying communities after macroalgal collapse constitutes a compensating or self-restoring mechanism in sediments affected by macroalgal blooms. 
